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TECHNICAL NOTE 3837

INVESTIGATION OF HEAT TRANSFER FROM A STATIONARY AND
ROTATING ELLTPSOIDAL FOREBODY OF FINENESS RATIO 3

By James P. Lewis and Robert S. Ruggeri

SUMMARY

The convectlve heat transfer from the surface of an ellipsoidal fore-
body of fineness retio 3 and Z20-inch maximum diameter was Iinvestigated in
clear air for both stationary and rotating operation over a range of con-
ditions including air speeds up to 240 knots, rotational speeds up to
1200 rpm, and angles of attack of 0°, 3°, and 6°. The results are pre-
sented in the form of heat-transfer coefficilents and the correlation of
Nusselt and Reynolds numbers. Both a uniform surface tempersture and a
uniform input heater density distribution were used.

The experimental resulis agree well with theoretical predictions for
uniform surface temperature distribution. Complete agreement was not ob-
tained with uniform input heat density in the laminar-flow region because
of conduction effects. No significant effects of rotetion were obtained
over the range of alrstream and rotational speeds investigated. Operation
at angle of attack had only minor effects on the local heat transfer.
Transition from laminar to turbulent heat transfer occurred over a wide
range of Reynolds numbers. The location of transition depended primarily
on surface roughness and pressure and temperature gradients. Limited
trensient heating data indicate that the variation of surface temperature
with time followed closely an exponential relation.

INTRODUCTION

In the general field of design of modern all-westher sircraft, the
problem of protecting bodies of revolution against icing has become of
increasing importance. Many aircraft components are essentially simple
bodies of revolution; examples of these are radomes, body noses, engine
accessory housings, and the large spinners of turboprop engines. The
design of thermal ilcing protection systems for these components regquires
knowledge of the heat-transfer relatlions for both stationary and rotating
bodies of revolution. Such information is of interest also in the general
field of heat transfer. Several theoretical studies of the problem have
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been made (refs. 1 and 2). However, very little experimental heat-
transfer data for such bodies are availlable and the data are generaslly of
limited scope. -

Experimental investigations have been made at the NACA Lewis lsabora-
tory of the hest transfer from bodies of revolution in order to obtain
more extensive data than are presently available, including the effects
of angle of attack and rotation. The investigation was made as part of
a general study of icing and icing protection of bodies of revolutilon.
This report presents the resulis of an investigation of the_heat transfer
in clear air from the surface of an ellipsoidal forebody of fineness ratio
3 and a 20-inch maximum diameter. Similar results for a larger-diameter
ellipsoidal forebody of fineness ratio 2.5 are reported in reference 3.

In the present study the steady-stage convective heat transfer was de-
termined with end without rotation of the ellipsoidal forebody over a
range of alrspeeds up to 240 knots, rotational speeds up to 1200 rpm, and
angles of attack of 0°, 3°, and €°. Limited transient-heating data were
also obtained. Heat was provided by an internal electric heater designed
and instrumented to yield as much basic heat-transfer data as possible’
while at the same time preserving the performance and ¢onstructlional de-
talls of a representatlve practical heater installation.

SYMBOLS
A area across which heat 1ls transferred, sq £t
cp specific heat at constant pressure, Btu/(1b)(°F)
De meximum diameter of spinner (minor axis of ellipsoid), ft

convective heat-transfer coefficient, Btu/(hr)(sq £t)(°F)

Dyy diameter of trip wire, ft
E
K

constant
k thermal conductivity of air, Btu/(hr)(sq £t)(°F/ft)

Mu,  body Nusselt number, HDe/kO
Nug local Nusselt number, Hs/ka, dimensionless

n exponent

Pr Prandtl nuwber based on free-stream stegnation air temperature
properties, pacp/ka, dimensionless

068¢
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Qa1

Reg

Reo

total rate of heat imput, Btu/hr

rate of heat conduction between heater elements, through aluminum
skin, Btu/hr

rate of heat flow to body interior, Btu/hr

rate of heat transfer from external surface, Btu/hr

Usw <]

" local surface Reynolds number, —E;E_’ dimensionless

UgWg 6
Hg,

local boundary-layer Reynolds number, » dimensionless

UoWoDe .
free-stream Reynolds number, ——56__’ dimensionless

local radius of ellipse, ft
surface distance from nose, ft
absolute temperature, °R

datum or unheated-surface temperature, °F

heater interior temperature as measured by thermocouple h (fig. 2),
op

ingide temperature of heater insulation as measured by thermocouple

i (£ig. 2), OF

sp%;ner surface temperature as measured by thermocouple s (fig. 2),

free-stream static temperature, °F

local velocity on spinner surface, ft/sec
free-stream air velocity, £t/sec or knots

specific weight of air, 1b/cu ft

engle of attack, deg

boundary-layer momentum thickness, £t

absolute viscosity of air, lb/ft-sec
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T heatlng or cooling time, sec =

T¥ time constant, sec - o
Subscripts: . o -

A,B,C, N

D,E,F, heater elements (fig. 2)

G,H —
Al aluminum skin

a stream stagnation condition S oL - -
av value averaged over area of heater.element _
cr critical -

max maximum

8 surface condition

8P spinner stagnation point ' -

0 free-stream static condition ' —

APPARATUS

The model, consisting of half of an ellipsoidal body of revolution
with & half major axis of 30 inches and a half minor axis of 10 inches,.
was mounted on a faired afterbody in the 6- by 9-foot test section of
the Lewis icing research tunnel (fig. 1). The test model proper, con-
sisting of the ellipsoidal forebody, is hereinafter referred to as the
spinner model to distinguish it from the entire assemb;y The afterbody,
power-supply system, thermocouple pickup, and temperature recording system
were essentially the same as used in the tests of reference 3. The spin-
ner model was fabricated of 0.062-inch aluminum spun in one pilece to the
desired shape. An oglve transition section 15 inches long faired the
contour between the rear of the 20-inch-diameter spinner and the 30-inch
dismeter afterbody. The rear of the spinner model was located at -the
same position relative to the afterbody as was the rear of the 30-inch-
dlameter spinner of reference 3. Heat was supplied to the spinner by
electric heaters located on the inside surface of the spinner shell.

The spinner contour, heater layout, and detalls of ‘the heater construc-
tion and thermocouple installation are shown in figure 2. The heater was
divided into eight areas, each constituting a single circult connected
to separate autotransformers permitting selecdtive control of heat density

0689
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and axial heat distribution. The heat input to each heater area was
meesured by a voltmeter and an emmeter. The spinner surface area for
each heater is listed in teble I. The longitudinal heaters (G and H)
were located on two diametrically opposite sides of the spinner; these

icing tests. L

The heating elements consisted of strands of 36-gage Nichrome heating
wires encased between plies of glass cloth and silastic (silicone plastic).
The higher temperature limit of the silicone compared with the neoprene
insulation used in the heaters of reference 3 permitted operation at '
higher skin temperatures and heat densities. Copper-constantan thermo-
couples were installed at various locations to obteln both the skin tem-
perature distribution and the inward heat dissipation. A sketch of the
system used to transmit the temperatures from the thermocouples to the
recorder is shown in figure 3(a). Details of the operation of this sys-
tem are given in reference 4.

In order to evaluste the effects of surface roughness at the nose
of the body on the heat transfer, a boundary-layer trip was cemented to
the spinner surface for a few of the tests. The trip, consisting of a
circular loop made of 0.0l-inch-diameter wire, was located at a surface
distance of 0.75 inch from the nose. =

The pressure distribution over the spinner surface was obtained from
pressure belts cemented to the spinner surface for statlonary operation
of the spinner. The belts consisted of 23 parallel plastlic pressure tubes
formed into a single strip. A hole was made in the side wall of each
tube at the surface location for which pressure measurements were desired.
The belts were attached to diametricelly opposite sides of the spinner in
the plane of angle of attack (tunnel horizontal plane). For spinner ro-
tation, flush surface pressure taps and a rotating pneumatic pressure
pickup were used. Detalls of the rotating pressure pickup are given in
figure 3(b). Computations of the effect of centrifugal force on the
pressure measurements indicated a maximum correction of 8 percent. No
corrections were made to the data, however, because experimental checks
showed only negligible effects of rotation.

PROCEDURE : . -
Experimental Procedure

The pressure distribution was obtained at airspeeds of 152 to 240
knots, angles of attack of 0°, 3°, and 6°, and rotational speeds of O,
800, end 1200 rpm. Rotation was in a clockwise direction looking upstreem,
and the angle of attack was directed to the left in a horizontal plane
looking upstream.
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Heat-transfer data were obtalned primerily for steady-state heating.
Two nominal heating conditions were used: (1) a uniform surface tempera-
ture distribution with nominal values of -100° and 200° F, and (2) a uni-
form input heat density to all heater elements with a nominal value of
10 watts per square inch. 7In &ddition, measurements of the unhested
equilibrium model temperatures were taken for each condition in order to
obtain reference temperatures used in the computation of the heat-transfer
coefficient. The nominal operating conditions were airspeeds of 175 &nd
240 knots; rotational speeds of O, 800, and 1200 rpm; angles of sattack of
0%, 30, and 6°; and an alr total temperature of 0° F. These heating and
operating conditions gave free-stream Reynolds numbers (Reg) of 3.5x10
to 4.9%x10% and skin to free-stream temperature ratios TS/TO of 1.22 to

1.47. -

In addition to steady-state heating, a limited study of transient
heating was made. In these tests power of a predetermined density was
applied to the model until the heated equilibrium surface tempersature
was obtalned: The variation of spinner surface temperature with time
at several surface positions was obtained during this heating periocd and
in the subsequent cooling period. For these tests the heat input was
that which gave a uniform surface tempersture distribution in the steady
state. : : -

Method of Analysis

Experimental data. - The experimental results are presented in terms
of the heated-surface temperature rise above the unheated-surface equi-
librium temperature +tg - t3, the external convective heat-transfer co-

efflcient H, and the local Nusselt number Nug.

The convective heat-transfer coefficient was computed from the fol-
lowing relations:

Qs

g = o i
A ts - td ..

Q- Q; + Qy

%

A sketch of the assumed heat flow from the heater is shown in figure 4.
The heat dissipated to the inside of the heater Q; was computed from

Qi = 28.8 Aty - ty)

068%
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The effective thermal conductivity of 28.8 Btu/(hr)(sq £t)(°F) for the
0.060-1inch insulaeting layer between the two inner thermocouples h and

i (fig. 2) was obtained from tests of an instrumented sample of the heater.
The meximum inward heat transfer was approximately 15 percent of the heat
input; most of the inward heat transfer, however, was of the order of 5
percent of the heat input. The greatest inward heat transfer occurred

at regions of steep temperature or heat-input gradients in the longitudinal
direction.

The meridionsl or longitudinal heat conduction was approximated by
assuming that all the conduction occurred within the aluminum skin. Re-
ferring to figure 4, Qz is the measured heat input to heater segment C.

The heat conducted between adjacent heater segments is

d-ts . - —-
Qa1 = *ka1fa1 g5 '

The heat balance for a heater segment (e.g., heater. C) is
Q,c = % ¥ Q1,8-c *%1,c-p * U,c

and similarly for the other heater segments. This conduction correction
was applied only for the case of uniform heat input, where valld deter-
minations of the surface temperature gradient dts/ds, were obtained. No

accounting for circumferentisl conduction was made.

Most of the results are presented in terms of an average heat-transfer
coefficlent for each heater segment. This average coefficient: was ob-
tained from area-averaged values of surface temperature and external heat-
flow rate. In addition, local effective coefficients were computed using
local surface temperatures indicated by each thermocouple and a heat-
flow rate defined as the heater-segment input density minus the local
internal heat dissipation. This local heat-transfer coefficient is, of
course, not a true coefficient, since the exact local heat dissipation
from the externel surface is not used. The local effective coefficients
so defined are the heat-transfer coefficients reported in reference 3
and, in addition, are of interest as indicating the surface temperature
behavior for installations having similar heater construction and heat
distribution.

For uniform surface tempersture, the longitudinal heater elements
G and H (fig. 2) were set at a heat density approximeting that of
adjacent circumferential heaters. The effective heat-input density Q/A
for this case was taken as an srea-weighted average of the heat densities
on adjacent circumferential and longitudinal heaters st each surface dis-
tance location from the nose. T
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The Nusselt, Reynolds, and Prandtl numbers used. 1n the correlation
of the experimental deta are defined as follows:

Nug = Hs/kg
Ugs )
8
Res = g Ya
Pr = HaCp - i
ke

In all these parameters the air properties were evaluated at the free-
stream stagnation temperature for simplicity in calculating. As indicated
in reference 3, the correlatlon of the resulis, for the temperature range
of interest, is affected only slightly by the choice of the specific tem-
perature at which the air properties are evaluated.

When the average heat-transfer coefficients were used, it was neces-
sary to determine a corresponding surface distance for the calculation of
the average Nusselt and Reynolds numbers. This average distance was
determined as follows. From theoretical analyses the local convective
heat-transfer coefficient can be expressed as a function of the surface

distance in the form

H = Ks? - (1)

where the values of the constent K end the exponent n depend upon
whether leminar or turbulent heat transfer is being considered. It 1s as-
sumed that the average coefficlent Hyy follows the theoretlical variation

with the average surface distance 8gys that is,
Hay = K(sgy)™ (2)

The average coefficlent over the area between the cﬁmulative areas Ay
and A, cen be expressed as )
Agp

h T
Hav = AZ - Al . (3)

Substituting for the local coefficient from eguation (l) and the relation
between dA and 48, equation (3) becomes

NROT
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82
2nK re? ds
Sl .
2
2r r ds
81

The reletion between the local radius of the ellipse r &and s being
known, equetions (2) and (4) may be set equal and solved for su, 1in

terms of 87 and s,. The distance s,, differed significantly from

an arithmetic mean of s; and s only near the nose. In the transition’

region where the theoretical variation of H with s 1s unknown, en
arithmetic mean of 8y and 85 was used. ’

The transient temperature data are presented in terms of the heated-

surface temperature rise sbove the equilibrium unhested-surface temperature’

tg - ta. The transient results are also presented in terms of the time

constant 't*, which is defined as the time required'for the surface tem-
perature to reach 1 - (l/e), or 63.2 percent of the asymptotic tempera-
ture change.

Theoretical heat transfer. - The experimental hest-transfer results
are compared with the predicted values of several theoretical analyses.
For the laminar boundary layer in steady-state heating, the predicted
heat transfer was obtained from the method of Squire as computed in
reference 1 and by the method of Dreke (ref. 2). The analysis of Squire
is for a uniform surface temperature only, while Drake's method ylelds
results for arbitrary surface temperature and heating-rate distributions.
Calculations with the Drake method were made for both uniform surface
temperature and uniform surface heating rate.

The predicted heat-transfer relation of Squire for the stagnation
region obtained from reference 1 for uniform surface temperature is

US
Uo,

Nug = 0.681 d(_s_) Reg
De/ Jsp
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Drake's method (ref. 2) yields a similar relation, with the value of the
constant equal to 0.665 for uniform surface temperature and 0.816 for
uniform heating rate. These constants are for a Prandtl number of 0.72.

For the turbulent boundary layer, the method of gguire was also em-
ployed in addition to the modified flat-plate turbulent heat-transfer
equation of Martinelll given in reference 5 as

Nug = (Pr)1/3 0.0296(Re )08

RESULTS AND DISCUSSION
Velocity Distribution

The local velocilty over the spinner surface is regulred in the cor-
relation of the heat-transfer deta. In addition, a comparison of the
measured velocity distribution with theoretlcal values indicates the
magnitude of any tunnel effects and, hence, the valldity of the tunnel
simulation. The ratio of the local velocity to the free-stream veloclty
is presented in figure 5. These data are uncorrected for tunnel effects,
because this measured value 1s that which is required for the correlation
of the heat-transfer results. A theoretical curve obtalned by the method
of reference 6 for nonviscous incompressible flow is also presented in
figure 5(a) for an angle of attack of 0°. . :

The experimental data over most of the spinner surface agree well
with the theoretlcal curve. Practically no variation of the velocity ratio
with free-stream Reynolds number was obtalned; the values plotted in fig-
ure 5(a) are an average for the Reynolds number range Investigated. Some
scatter of the data near the nose made the determination of the location
of the alr stagnation polnt somewhat inexacts In the nose reglon, however,
the slope of the experimental velocity-ratio curve (used in predicting
the heat-transfer coefficient) agrees with the theoretical value within
the limite of experimental accuracy. At stagnation, the value of the slope

of the welocity gradient [é(Us/Uo)/a(s/beﬂ was taken as 7.6 for O°
engle of attack in the calculation of the theoretlcal heat transfer.

The local velocity distribution for the rotating spinner is compared
with the results for the stationary spinner in figure 5(b) at an angle
of attack of 0°. No significant effect of rotation on the local velocity
was obtained even at the maximum rotational speed (1200 rpm). This result
might be expected, since the local velocltles for the stationary spinner
are only 5 percent less, at the most, than the local velocitles computed
as the resultants of the longitudinal and rotating components. Because
of the slow time response of the pressure-sensing system, the local
velocities for the rotating case at angle of attack were a time-average
of the upper- and lower-surface values obtained at the stationary condition.

-068%



3890

CU~2 back

NACA TN 3837 11

Steady-State Heet-Transfer Results

The steady-state heat-transfer results are discussed first in terms
of a genersal correlation of the results for the separate cases of uniform
surface temperature and uniform input power density, and secondly in re-
lation to the specific effect of the several operating variables.

Uniform surface temperature. - Typical results obtained with a uni-
form surface temperature are shown in figure 6. The surface temperature
rise, tg - tg, heater input power density, and convective heat-transfer

coefficient are given for the stationary spinner at O° angle of attack.
(The measured unheated equilibrium surface temperature wes essentially
constant over the body surface for all tests.) The data of figure 6

were obtained with the spinner surface In its smoothest condition. The
segment average coefficient is shown by the stepped straight Iines, while
the data points are the local effective coefficients. The experimentsal
heat-transfer coefficlents agree well with the theoretical stagnation,

laminar, and turbulent values. A fairly extensive region of laminar fIlow

was obtained, with transitlon starting approximastely 13 inches from the
nose and a fully turbulent condition reached at gpproximstely 24 inches
from the nose. Included in figure 6 is the value of the lower critical
Reynolds number of boundary-layer stabllity calculated from the enalysis
of Schlichting. TFor values less than the critical the boundary layer is
assumed stable, and transition does not occur in the gbsence of surface

* roughness or other disturbing effects. Transition and boundary-layer

stabllity are discussed later. Both the surface temperatures and heat-
transfer coefficients reflect the unfaired stepped heat distribution.

The hest-transfer results of figure 6 are shown in the Nusselt,
Prandtl, end Reynolds number form in figure 7. In terms of the local
Reynolds number Reg, transition begen at approximately 2.3%X10° and was

completed at approximately 4.2x108. Fairing of & smooth curve through
the heat-rate distribution would reduce the spread of the data to ap-
proximately 10 percent, and the experimental data would vary less than
10 percent from the theoretical values. — -

The heat transfer at several angles of attack and rotational speeds
for the spinner with a uniform surface tempersture is compared in figure
8. The results of several repeat runs made with the stationary spinner
et 0° angle of attack (fig. 8(a)) indicate good reproducibility of data
and agree well with the theoretical values. These deta are similar to
those obtained at a lower stream Reynolds number (fig. 7), except that
the local Reynolds number of transition is lower in figure 8(a). This
forward movement of transition is attributed to the increased surface

roughness in the region of rapidly decreasing velocity gradient (s > 5 in.)

rather than the increased stream Reynolds number or stream turbulence.
During the progress of the tests the entire surface graduql%y became
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roughened by forelgn particles in the tunnel airstream, although the
spinner surface was hand-sanded lightly at intervals throughout the course
of the Investigation in an effort to keep the degree of surface roughness
fairly constant. '

While the spinner surface was still relatively smooth (same condition
as for flg. 8), a wire boundary-layer trip was installed near the nose
of the spinner in order to determine the effects of surface roughness at
the nose area on heat-transfer results. No significant effect of the trip
was obtalned; the experimental data points fell almost exactly on those
obtained without the trip (fig. 6). The absence of any effect of the trip
on transition is attributed to the favorseble pressure gradient at the trip
location; any disturbing effect of the trip was apparently immediately
dampened before transition to turbulent flow can occurJ Transition ef-
fects are discussed in more detail in a Iater section.  The data of fig-
ures 7 and 8 show the extreme range of location of tremsition for the
uniform surface temperature extending from Reg of approximately 106 to
approximately 5x10°,

The Nusselt and Reynolds numbers for the rotating spinner st angle
of attack (figs. 8(b) and (c)) are based upon a surface distance computed
vectorially from a helical path associlated with the rotational speed.
Good agreement with the theoretical values £or angles of atback of 3° and
6° was obtained, as for the stationary spinner at 0° angle of attack, and
transition occurred over spproximately the same Reynolds number range.
There was no increase in Nusselt number with rotational speed. This
result would be expected because of the minor effects of rotation on the
local surface veloclty.

Uniform heat input. - Typical results obtained with an essentially
uniform input heat density are given in figure 9. These resulis were
obtained concurrently with those of figures 6 and 7 (uniform surface
temperature) with the smoothest skin condition. A theoretical curve,
computed by the method of reference 2, for laminsr heat transfer with a
uniform heating rate is given in addition to that for a uniform surface
temperature. This predicted curve assumes & uniform rate of heating
at the splnner external surface, while in the experiments a uniform heat
input to the heaters was used. The average heat-transfer coefficient
corrected for longitudinal conduction 1s shown in figuré 9 as stepped
straight lines, while the data points are the uncorrected effective local
values. The corrected average heat-transfer coefficients sgree well with
the theoretical values for a uniform surface temperature over the first
6 inches of surface, followed by & long transition region with turbulent
values belng approached gt the rear of the spinner.

o6e8e
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The heat-transfer results of figure 9 are replotted in the form of
Nusselt, Prandtl, and Reynolds numbers in figure 10. Comparison of the
corrected asverage and effective local data points indicates that signifi-
cant conduction effects occurred only over the first two heaters (A and
B). The transition region extends over a greater Reynolds number range
than for the case of uniform surface temperature. ' :

The effects of variations in the free-stream velocity, angle of at-
tack, and rotational speed on the correlstion of the heat transfer with
a uniform input heat density are presented in figure 1l. The correlation
parameters are defined in terms of the corrected average values, the hel-
ical path for the case of rotation, and the surface distance from stag-
nation point for angle of attack. The results are similar to those of
figure 10. No significent or systematic effects with changes in free-
stream velocity, angle of attack, or rotational speed were obtained except
in the transition region, and those were probably csused by varlations in
gsurface roughness. The experimental results in the laminar region fall
between the two theoretical curves for uniform heating rate and uniform
temperature. The failure of the experimental results to follow the theo-
retical curve for a uniform heating rate may be attributed to the fact
that conditions of surface temperature and heating-rate distribution as-
sumed in the derivation of the theoretical relation do not correspond to
the conditions actually found to exist on the spinner surface. These dif-
ferences probably result from conduction effects, pressure and temperature
gradients, effects of transition, and approximetions inherent in the
theoretical development. In general, the heat-transfer results obtained
with & uniform input heat density exhibit the same trends as those of
reference 3 for similar heating condltions.

Effect of operating varigbles on heat transfer. - In order to 1l-
lustrate the effects of free-stream velocity, angle of attack, and rota-
tional speed on the heat transfer, the surface temperature and hesat-
transfer coefficient are presented for specific conditions as a function
of the surface distance from the spinner nose. The changes in heat trans<
fer at two free-stream velocities and two uniform surface temperatures
for the stationary spinner at O° angle of attack are shown in figure 12(a).
The major differences in the heat-transfer coefficient are the result of
the change In stream velocity rather than the surface temperature change.
Both the laminer and turbulent heat-transfer coefficients increase with
an increase in stream velocity, following closely the theoretically pre-
dicted increase with change in velocity. Theoretical considerations
indicate thet an increase in surface temperature would tend to increase
the heat-transfer coefficlent and cause a forward movement of transition.
The experimental results, however, show the opposite trend. In addition,
an increasse in stream velocity moved the location of transition forward,
as expected from theory; at the higher speed, transition was initiated
at spproximately 5 inches from the nose, compared with approximately 8
inches at the lower veloecity. In both cases transition started forward
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of the location of lower critical stebllity Reynolds number. Transition
was completed approximately 17 inches from the nose for both stream veloc-
ities. =

For the case of uniform heat input density, similar variations in the
heat-transfer coefficient were obtained, as shown in figure 12(b). The
increase in the lamlnar and turbulent heat-transfer coefficlents with
velocity followed closely the theoretical predictions. The corresponding
decrease of surface temperature with the increased stream velocity 1ls
also shown in figure 12(b). Surface temperature changes as large as 150° F
were obtained, together with a forward shift of the position of the peak
temperature from 9 inches to 4 inches from the nose. This shift of the
peak temperature 1s indicative of e movemen®t of transltion over approxi-
mately the same range.

The surface temperature distribution and heat-transfer coefficients
obtained at two angles of attack are compared in figure 13 for the sta-
tlonary spinner with a uniform heat input density. The results in figure
13(a) are for two diametrically opposite meridional locations in the
plane of angle of attack. The influence of angle of attack on the heat
transfer was minor, being primasrily a shift of the stagnation and transi-
tion regloms towards the windward side. Additional data at 6° angle of
attack are shown in figure 13(b) for three meridional locations. The ef-
fects on transition are similar to those of figure 13(a), the transition
curve shifting forward with increasing merildional angle location but with
very little change in the shape of the curve. The data obtained at the
90° meridional location at 6° asngle of attack were much the same as those
obtained at 0° angle of attack.

The varlation of the heat-transfer coefficient with rotational speed
for three angles of attack is given in figure 14 for a uniform surface
temperature distribution. Rotational speeds as high as 1200 rpm had a
negligible effect, the heat-transfer coefflcient varying less than 10
percent. Similar results were obtained with a uniform input heat dls-
tribution. These results are in accordance with the deta of figure 5,
which shows no significant effect of rotation on the local surface velocity.

Comparison with 30-inch-diameter spinner (2.5 finéness ratio). - Some
of the results of the present investigaetion are compared in figure 15
with typical data from the investigation of heat transfer from a 30-inch-
diameter ellipsoidal spinner of 2.5 fineness ratio (ref. 3). For the
stationary case (fig. 15(a)) the results for the two spinners sgree fairly
well, except for the region near the nose. This discrepancy resulted from
the fact that no conduction corrections were applied to the data for the
30-inch-dlameter spinner. The spread of the data for the 30-inch splinner
in the transition region 1s attributed to variations in surface roughness
rather than to the differences in heat density.

1 0B8¢E -
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At a rotational speed of 1200 rpm (fig. 15(b)), the larger spinner
gave considerebly larger heat-transfer coefficients in the transition and
turbulent regions. This effect is believed to be caused primarily by the
larger radius of the 30-inch spluner, giving a proportionately larger ef-
fect of the rotating velocity component. In addition, differences in
heater construction of the two spinners may have led to differences in
heat-conduction effects. A comparison of the heat-transfer results for

the two spinners in the form of Nusselt and Reynolds numbers also ylelded
good agreement with the respective theoretical values, except for varia-
tions of the transition-region location.

Transition region. - In addition to the determination of the laminar
and turbulent heat-transfer coefficients, knowledge as to the location
and form of the transitlon region is required. At present, no general
method of quantitatively predicting the location of transition is avallable.
It is known that transition location depends upon stream turbulence, Mach
nunmber, surface temperature and curvature, surface temperature and pres-
sure gradients, and surface roughness. Quantitaetive information as to
the effects of these variables is very limited even for subsonic flow;
this is especlally true for the action of combined effects. Several em-
pirical correlations of the effects of the several verigbles on transition
have been proposed (refs. 7 and 8), which together with calculations of
the boundary-layer stebllity provide a means of estimating the approximate
location of transition for specific cases.

The experimentally determined transition regions for the statlonary
spinner with a uniform surface temperature distribution are presented in
figure 16 in terms of the local boundaery-layer Reynolds number Regy. The

variation of Reg with surface distance from the spinner nose is shown

by the dotted lines for each free-stream Reynolds number, with superimposed
s0lid lines denotlng the location of transition for each case. The
boundary-layer Reynolds number was computed by the method of reference 2.
Included for comparison is a curve of the lower critical boundary-layer
Reynolds number, below which the boundary layer 1is assumed to be stable.
The curve of Ree’cr is based on the calculations of Schlichting as pre-

sented in reference 9 applied to three-dimensional bodies.

6Consid.ering first the case of the smoothest surface condition (Reo =
3x10°), transition occurred in the unsteble region at a value of Reg only

slightly greater than the critical. While the stability criteria alone do
not predict the location of transition, experimental data for a flat plate
(ref. 8) and elliptic cylinders (ref. 10) show that, in the sbsence of
surface roughness, transition approaches the stabllity limit as the stream
turbulence intensity is increased. Previous heat-transfer data (ref. 11)

eand sphere drag measurements have Indicated a falrly high turbulence level

in the Lewis icing tunnel. As previously indicated, the installation of
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a trip at the spinner nose had no measurable ePfect on transition. At
the trip location, even though the trip is 9 times the momentum thickness
of the boundary layer, the boundary layer is very stable (the critical
boundary-layér Reynolds number is spproximastely 45 times the actual
boundary-layer Reynolds number). It would appear that any effect of the
presence of the trip is immedistely dampened, and transition develops

as before, primarily as a result of stream turbulence:

For other cases (Reg = 3.6x10° and 5x10%), in which a distributed

roughness was known to exist on the spinner surface, transition occurred
at values of Reg less than the critical value. It Is believed that

both the locetion and type of the roughness cause this result. For all
the experimental work the most forward position of transition was at 3
to 4 inches from the nose. Figure 5 shows that Porward of this location
is a region of a very steep negative pressure gradient, which probably
prevented forward movement of transition.

The experimental data showed no significant effect of rotation on
the location of transition. This result might be expected becsuse of
the relatively small value of the rotational velocity component, which
would minimize any boundary-layer twisting shear or centrifugal effects.
The effect of angle of attack was only to shift-the position of transition
in accordance with the corresponding shift in the stagnation point and
local velocity.

The variation of Reynolds number at the end of transition exhibited
the same genersl trends as that at the initiation of transition but with
a generally smeller variation. With the exception of-a few points for
uniform heat input, the end of transition occurred at local surface Rey-
nolds numbers Reg of approximately 3x10% to 5x108 as conpared with a

variation of approximately 0.8%x10% to 2.3x106 for the beginning of transi-
tion. In general, the experimental results indicate that location of
transition depends primasrily on surface roughness effects and pressure
and tempersture gradients.

Transient Heating Results

Temperature-time histories of several points on the spinner surface
are presented in figure 17 for both the heating and cooling periods for
the stationary spinner at O° angle of attack. These data were obtained
with the heat distribution required for a steady-state uniform surface
temperature distribution. Included in figure 17 are the experimentally
determined time constants for five thermocouple positions. Additlonal
time constants for both the heating and cooling periods are given in
table II.
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The temperature-time curves and the values of the time constants

This fact is a result of necessary design and constructional features, in-
cluding the electrical insulation between the heater wires and the spin-
ner skin and the thermal insuletion (with the corresponding lerge thermal
capacity) on the heater inside surface required to reduce steady-state
heat losses to the interior. The temperature response obtained is con-
sildered to be fairly good for the particular type of heater installation;
any significant increase in the rate of response would require & radically
different type of design and construction.

The surface temperature variation with time ls shown in dimensionless
form in figure 18 for typical surface locations. Included for comparative

purposes are exponential curves of the form (l - e‘T/T and edr/t for
the heating and cooling periods, respectively. The experimental surface
temperature ratio follows closely the exponential variation with time,
especially during the cooling period. From the definition of the time
constant and the fact that the experimental temperature-time variation =~
is essentially exponential, it appears that the temperature-time response

at other operating condliitions may be taken with sufficlent accuracy as
inversely proportionasl to the corresponding change in the heat-transfer
coefficient.

SUMMARY OF RESULTS

From & study of the convective heat transfer from an ellipsoidal
forebody of fineness rdtio 3 in clear air, the following results were
obtained:

1. The experimental heat-transfer coefficlents for the case of a
uniform surface temperature agreed well with the theoretical predictlons
of Drake, Squire, and Martinelli for the stagnation, laminar, and turbu-
lent heat-transfer regions. Complete agreement in the laminsr-flow region
for the case of uniform input heat density was not obtalned because of
conduction effects. ' o

2. Good correlation of the experimental results for sll operating
conditions was obtained by the use of the Nusselt-Prandtl-Reynolds number
relation. No significant effects of rotation on the heat-tranafer co-
efficients or trensition were obtained for the range of rotational and
alrstream speeds investigated. Operation of the spinner at angles of
attack up to 6° had only minor effects on the heat transfer, primarily
causing a movement of tramnsition in accordance with changes in the local
velocity distributions. The time-averaged heat-transfer coefficients
obtained at angle of attack with rotation of the spinner were essentially
the same as obtained at O° angle for the stationary spinner.
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3. The heat-transfer results for the stationary splnner agreed well
with those obtained with a 30-inch-dismeter fineness ratio 2.5 spinner.

4. Traensition from laminar to turbulent heat transfer occurred over
a wilde Reynolds number range, including both the movement of beginning
of translition and also the extent of the transition region. The be-
ginning of transition varled from & local surface Reynolds number of ap-
proximately O. 8x10% to 2.3x10° (corresponding to & boundary-layer Reynolds
number between 200 and 600), depending upon surface roughness and pres-
sure and temperature gradients. Beginning of transition did not occur
forward of 3 to 4 inches from the nose. The end of transition varied
over a local surface Reynolds number range of approximately 3x108 to
5x108. The effects of rotation and angle of attack on transition Reynolds
number were negligible.

5. Transient heating data were obtained which indiceted that the
variation of surface temperature with time was essentially an exponential
relation. The relatively large thermal cspaclity of the hegter-splnner
configuration csused a large temperature-time lag, as indicated by ex-
ternal surface time constants of approximately 50 to 80 seconds for both
heating and cooling.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronasutics
Cleveland, Ohio, August 6, 1956
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TABLE I. - SPINNER HEATER DIMENSIONS

Heater | Surface distance | Heater surface
from nose, s, area, .
in. s8q in.
A ? 13.4
2
B 52.4
5
c | 123
g
D 2563.5
15
E 416
23
E. 505.4
31.5
2
G 27
15
H 34,7

31.5

NACA TN 3837
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TABLE IT. - TIME CONSTANTS

Surface distance Time constant, T*, sec
from nose, s,
in. Heating period | Cooling period
0 69 70
45 70 87
1.00 66 69
1.50 74 77
2.25 72 77
2.55 76 81
3.10 80 83
3.5 86 79
4.00 81 82
5.15 87 81
6.15 80 73
7.10 79 74
8.20 80 53
9.35 63 57
10.55 77 66
12.00 57 50

21



Figure 1. - Imstallation of 20-inch-dlameter (finemsss ratlic 3) elliptical spinnsr in icing research tumnel.
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Figure 2. - Spinner contour and heater details.
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Figure 3. - Detalls of tempereture- and pressure-measuring systems on rotating bodies.
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Figure 5. - Velocity distribution over spimner.
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(b) Rotating spinner. Free-stream Reynolds mmber, 2.7x108; angle of attack, 0°,

Flgure 5. - Concluded. Velocity distribution over spinner.

a2

1g8g NI VOVN



28

Surface

temperature
rise

tg - %3, OF

Average input heat demsity, watts/sq in.

coefficient, H,
Btw/ (ar) (sq ££)(°F)

Convective heat-transfer

NACA TN 3837

110
o 2] re) [+]
o
90
8
6
4
2
Heater element
A B cl 7 D E F
0
I ! [
Location of lower
critical Reynolds
number T~
40 T~ ,~Segment H,,
~—] Ly \2d Z 2
—_— (2] ° |
[T ———
d © - .
20 = 7 hd
Reference
&%
c\ a
1
—_———— — 2
—_—_—— 5
1 L 13
0 5 10 15 20 25 30 35
Surfece dlstance from nése, s, in.
Figure 8. - Distribution of surface temperature, heat input, and convective heat-
transfer coefficient for stetionary spinner with uniform sufface temperature. Free-

stream veloeity, 152 knots; alr total temperature, 0° Fj; angle of atteck, O°
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Figure 8. - Heat transfer obtained at several rotetional speeds and angles of attack for

spinner with uniform surface temperature.
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(b) Rotating spinner at angle of attack of 39, free-stream velocity of 168 knots , air
totel temperature of 3° F, surface temperature of 200° F, and free-stream Reynolds

number of 3.6x108 .

Figure 8. - Continued. Beat transfer obtained at several rotational speeds and angles
of attack for spinner with uniform surfsace temperature.
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Convective heat-transfer coefficlent, H, Btu/(hr)(sq t)(%F)
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Pigure 1l4. - Variation of heat transfer with rotational speed and angle of attack far spinner

with uniform surface temperature distribution. Free-streamm velocity, 170 knots; air total
temperature, 2° F. -
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